The observation of diphoton excess around the mass of 750 GeV in LHC Run-II motivates us to consider whether the singlet Higgs boson in the custodial Higgs triplet model can serve as a good candidate because an earlier study of comprehensive parameter scan shows that it can have the right mass in the viable mass spectra. By assuming the singlet Higgs mass at 750 GeV, its total width less than 50 GeV and imposing constraints from the LHC 8-TeV data, we identify an approximately linear region on the (v ∆ , α) plane along which the exotic Higgs boson masses satisfy a specific hierarchy and have lower possible spectra, where v ∆ denotes the triplet vacuum expectation value and α is the mixing angle between the singlet Higgs boson and the standard model-like Higgs boson. Although the diphoton decay rate can be enhanced by charged Higgs bosons running in the loop in this region, it is mostly orders of magnitude smaller than that required for the observed production rate, except for the small v ∆ region when the diphoton fusion production mechanism becomes dominant. Nonetheless, this part of parameter space suffers from the problems of breakdown of perturbativity and large uncertainties in the photon parton distribution function of proton.
I. INTRODUCTION
Latest data of high-mass diphoton events from both ATLAS and CMS in LHC Run-II point us to an tantalizing possibility of having a resonance around the mass of 750 GeV [1, 2] . Collected using 3.2 fb −1 and 2.6 fb −1 of data, respectively, the two collaborations observe signals with the significances of 3.9σ and 3.4σ. Assuming a narrow total width, the measurements are consistent with the cross sections of σ(pp → S → γγ) =    (5.5 ± 1.5) fb (ATLAS) , (4.8 ± 2.1) fb (CMS) , (1) respectively [3] , where S denotes the putative 750-GeV resonance.
Among the many proposals for this resonance, quite a few consider the scenario that S is a singlet scalar boson that mixes with the 125-GeV Higgs boson [3, 4] . As an interesting alternative, such a singlet scalar can have its origin from the custodial Higgs triplet model (also known as the Georgi-Machacek model) [5, 6] . In addition to the standard model (SM) Higgs doublet, the custodial Higgs triplet model also introduces a complex and a real Higgs triplet fields. By imposing a global SU (2) L × SU (2) R symmetry on the Higgs potential and with an alignment in the vacuum expectation value (VEV) of both triplet fields, the electroweak ρ parameter can be kept at unity at tree level even when the triplet VEV is sizeable. The model is well-motivated because the triplet VEV can give rise to Majorana mass for neutrinos, the so-called type-II seesaw mechanism. After electroweak symmetry breaking, the triplet fields are decomposed into a quintet, a triplet, and a singlet states under the SM SU(2) L group [7] . Although the triplet fields are introduced to couple with only the left-handed leptons among the SM fermions, the triplet and singlet states can couple with other SM particles through respective mixing with the Goldstone and Higgs bosons from the SM Higgs doublet field. In particular, the heavier Higgs singlet boson, denoted by H 0 1 , may be a candidate for the 750-GeV resonance.
In a recent analysis [8] , we had performed a comprehensive scan of the parameters in the custodial Higgs triplet model and obtained the parameter space that was consistent with the measured signal strengths of the 125-GeV Higgs boson, oblique S parameter, Zbb coupling, as well as the perturbative unitarity and vacuum stability bounds. From the viable Higgs mass spectra, we found that indeed H 0 1 could have a mass of 750 GeV with an appropriate choice of parameters and still be consistent with the above-mentioned constraints. Based on the previous findings, we discuss in this work whether H 0 1 also has the capacity to explain the observed diphoton excess and the inferred total width. After imposing the constraints of 8-TeV searches in various channels, we point out that the masses of the physical quintet H 5 's and triplet H 3 's as well as the triplet VEV v ∆ and the singlet mixing angle α in this case are restricted to specific ranges. In particular, the range of v ∆ is consistent with other constraints [8, 9] . We note that though with some dependence on v ∆ and α, the masses of H 5 's and H 3 's have a specific correlation. For a fixed v ∆ (α), increasing α (v ∆ ) will make the exotic Higgs boson masses tends to follow the hierarchy m H 1 > m H 3 > m H 5 , which can affect our strategy of searching for the other exotic Higgs bosons at the LHC [10] . With the lowest mass bounds of m H 5 ∼ 280 GeV and m H 3 ∼ 650 GeV, we are able to study the decays of H 0 1 with more certainty. Using such information and based upon the physically allowed parameter space given in Ref. [8] , we find that in most of the parameter space the singlet Higgs boson cannot explain the diphoton excess without invoking additional particles or mechanisms to enhance the production or diphoton decay. However, for a small region of (α, v ∆ ) close to the origin, the partial width of H 0 1 → γγ is significantly enhanced and the γγ fusion production mechanism becomes dominant. There is then a possibility to explain the diphoton signal, as also noted in Ref. [11] .
In such cases, however, the one-loop correction to the quartic H 1 coupling mediated by the H 5 bosons becomes too large to grant the validity of perturbative calculations. Moreover, the photon parton distribution function in the proton suffers from large uncertainties, particularly in the large momentum fraction region (∼ 30% to 60% for x ∼ 0.001 to 0.1), so that the prediction of γγ fusion contribution becomes unreliable. This paper is organized as follows. In Section II, we briefly review the custodial Higgs triplet model and the constraints analyzed in Ref. [8] . In Section III, we use data of various search channels to further constrain the parameter space, particularly the mass spectrum. We show that within the allowed space, the maximal diphoton production through H 0 1 is still off the observed diphoton excess by 1 to 3 orders of magnitude when only the digluon fusion and vector boson fusion processes are taken into account. When the diphoton fusion process is also included, the diphoton signal can be enhanced in a small region of (α, v ∆ ) close to the origin. We then show that this region suffers from the problems of breakdown of perturbativity and large uncertainties in the photon parton distribution function of proton. Section IV summarizes our findings.
II. REVIEW OF THE CUSTODIAL HIGGS TRIPLET MODEL AND MAJOR

CONSTRAINTS
The custodial Higgs triplet model extends the SM Higgs sector with two weak isospin triplet scalar fields with hypercharge Y = 1 and Y = 0 1 . Writing in the SU (2) L × SU (2) R -covariant form, the doublet and triplet fields are respectively
The most general Higgs potential invariant under the global 1 representations. The 5 representation is CP-even. Through the mixing angle β defined by 
where
, and h SM denotes the SM Higgs boson. It is noted that H 0 3 is gauge-phobic while H 0 5 is fermio-phobic. Ref. [8] scanned viable mass spectra for the exotic Higgs bosons in the model that were consistent with the theoretical constraints of vacuum stability and perturbative unitarity and the experimental constraints of electroweak precision observables, Zbb coupling and Higgs boson signal strengths. In As already studied and presented in Fig. 3 of Ref. [8] , for each point within the 2σ contour of Fig. 1 the mass spectrum of the exotic Higgs bosons are still subject to the theoretical constraints of perturbative unitarity and vacuum stability and the experimental constraints of electroweak S parameter and Zbb coupling to have different patterns. As shown there, after taking the abovementioned constraints and without other inputs, the possible mass ranges are still fairly large. In the next section, we will show that the parameter space is significantly reduced if we take H 0 1 as the putative 750-GeV resonance and impose the required production rate and total decay width.
Before closing this section, we comment on the possibility of using H 0 3 or H 0 5 to explain the diphoton excess. As given in Table I , the dominant production of H 0 3 (H 0 5 ) at the LHC is the GGF (VBF) mechanism. Both cross sections are proportional to v 2 ∆ , but independent of the mixing angle α. It turns out that both production rates are too small to explain the observed excess even when v ∆ saturates the electroweak VEV.
III. DIPHOTON EXCESS
The diphoton excess observed by the ATLAS and CMS Collaborations, as quoted in Eq. (1), is averaged to be σ(pp → S → γγ) = (5.26 ± 1.22) fb.
ATLAS also reported that the total decay width of the resonance Γ S 45 GeV. Although these data are not conclusive, it is nevertheless an amusing exercise to see whether the singlet Higgs boson of the custodial Higgs triplet model can possibly accommodate the data.
A. Production rate of H 0 1
As in the case of h, the H 0 1 boson can be produced through both GGF and VBF mechanisms at the LHC. In view of possible enhancement in its coupling with diphotons, we also include the γγ fusion (γγF) mechanism in the analysis. Therefore, the total production cross section of H 0 1 is:
In the narrow width approximation, the GGF production cross section of H 0 1 is given by
/s and √ s is the center-of-mass colliding energy. The parton luminosity factor for the gg initial state in the square brackets is taken to be 0.97 (4.4) K g × 10 3 pb for the 8-TeV (13-TeV) collisions using the MSTW2008 parton distribution functions (PDF's) [12] , where the next-to-leading-order (NLO) K-factor K g 2 [13] . For the VBF part, it is easier to scale it from the 8-TeV simulation for a 750-GeV SM Higgs boson:
VBF , where σ(pp → h SM ) 8-TeV VBF = 0.05235 pb [14] . For the γγF process, we use a formula similar to the GGF process:
where the parton luminosity factor in the square brackets is taken to be 54 (101) pb for the 8-TeV (13-TeV) collisions using the NLO NNPDF23 PDF's [15] .
Even though Γ(H
for the parameter space of interest to us, the GGF production is still dominant due to the large gg parton luminosity factor. Since both the decay widths of H 0 1 to gg and W W depend only on α and v ∆ , we thus superimpose red contours of the H 0 1 production cross section via the GGF and VBF mechanisms at the 13-TeV LHC in Fig. 1 . It is noted that the red curves are almost symmetric with respect to α = 0, reflecting the fact that the GGF production is dominant as its rate is proportional to sin 2 α from the topquark loop contribution. As v ∆ increases, cos β gets larger and so does the H 0 1 -W + -W − coupling, particularly when α → 0. In this case the VBF production also becomes important, resulting in the red elliptical contours in the figure.
The γγF part becomes dominant only when v ∆ approaches zero. However, due to its complicated dependence, it is impossible to also show its contribution in Fig. 1 . Nonetheless, we note with caution that the above-quoted values of diphoton parton luminosity factor are the central values and suffer from large uncertainties (more than ∼ 30% for the photon PDF when the momentum fraction is greater than 0.001).
B. Imposing constraints from 8-TeV data
Before fitting to the required diphoton rate at 13 TeV, we first consider the existing constraints on the production of the 750-GeV H 0 1 in the following channels from the 8-TeV collision data:
The jets jj in the last inequality above include pairs of gluons and quarks except for tt. We find that the bounds in Eq. (7) hardly constrain our parameter space, except that σ(pp → H 0 1 → γγ) can exclude a very small v ∆ region, as will be shown below. Fig. 2 gives for the 6 blue benchmark points in Fig. 1 and m H 1 = 750 GeV the scatter plots of m H 3 and m H 5 allowed by the constraints already analyzed in Ref. [8] . Here we note that m H 3 and m H 5 present a correlation in the colored dots. For example, in the decoupling limit of v ∆ → 0 and α → 0, we have an approximate relation:
In order to justify the narrow width approximation and to be consistent with current data, we further require that the total width of H 0 1 is less than 50 GeV. This rules out the orange dots in The red dots, appearing only in the cases of v ∆ 1 GeV, mark those excluded by the 8-TeV data of σ(pp → H 0 1 → γγ). In the end, only the green dots pass all the above-mentioned requirements, and only the black dots can possibly explain the 750-GeV diphoton excess at 13 TeV.
From such a parameter scan, we observe that there exists lower bounds on m H 3,5 , which are derived from a compilation of different constraints: unitarity, stability, electroweak S parameter, and σ(pp → H 0 1 → γγ) at 8 TeV. For a given v ∆ , the allowed mass spectra become lower for larger α and an upper bound on α exists, beyond which some of the above-mentioned constraints are violated. We therefore identify that points in the linear region lying along the 6 benchmark points in Fig. 1 deserve closer investigations. We note in passing that the partial width of H 0 1 → hh is proportional to |α| 2 . Therefore, |α| cannot be too large; otherwise the total width of H 0 1 exceeds the limit of 50 GeV imposed in this work.
In the following, we focus on the parameter regions represented by the green dots in Fig. 2 .
Since H 0 1 is a CP-even Higgs boson, its possible decay channels include the W W , ZZ, gg, qq, ¯ , γγ, Zγ, H ± 3 W ∓ , hh, H 5 H 5 and H 3 H 3 final states. The branching ratios of important channels are given in Table. II. In most of the allowed parameter space, the H 0 1 → H 3 H 3 and H 5 H 5 channels of different charges are kinematically forbidden. This is largely because these decay modes will significantly contribute to the total width so that Γ H 0 1 > 50 GeV. The dominant decays of H 0 1 are thus mostly the W W and ZZ modes. It is a prediction of the model that the W W channel is twice stronger than the ZZ channel. For v ∆ 10 GeV, σ(pp → H 0 1 ) ranges from a few up to about 100 ab. To get a diphoton cross section of a few fb, one expects that B(H 0 1 → γγ) has to reach at least the percent level, which, according to Table II , happens only when v ∆ < 10 GeV.
C. Small v ∆ region
We now scrutinize the small v ∆ region where the diphoton coupling of H 0 1 can become sufficiently strong to enhance the 750-GeV diphoton signal. Such an enhancement in the coupling mainly comes from the H ±± 5 loop, particularly when m H 5 is close to m H 1 /2. To maximize this effect, it is desirable for (v ∆ , α) to approach the origin along the linear region indicated by the blue dots in Fig. 1 , until the 8-TeV data of σ(pp → H 0 1 → γγ) pushes the viable mass spectra upward for v ∆ 1 GeV. Generally speaking, as v ∆ gets smaller, B(H 0 1 → γγ) becomes larger, possibly leading to a sufficiently large diphoton production rate for the observed data. However, as noted before, the production rate for small v ∆ , as those given in the last two columns of Table II , suffers from large uncertainties in the photon PDF of the proton. For example, it can be easily invalidated by reducing the photon parton luminosity factor by 50%. In addition, we provide an argument below to refute the apparent possibility of explaining the diphoton excess in this region.
To reach the required Γ(H 0 1 → γγ), the dimensionful H 1 H 5 H 5 triple Higgs coupling g H 1 H 5 H 5 is generally of about a few tens of TeV, implying that the dimensionless coupling c γγ appearing in the effective diphoton interaction with H 0
is about O(0.4 − 0.7). Though such values for c γγ seem to support perturbative calculations, we find that g H 1 H 5 H 5 gets a strong constraint when one checks the perturbation series in the quartic H 1 coupling. In the same parameter region, the tree-level quartic
Yet the one-loop correction to the vertex due to the box diagram mediated by the
Apparently, this signifies the breakdown of perturbation. Based on an earlier study of comprehensive parameter scan for viable mass spectra, we show that a 750-GeV H 0 1 falls well within the allowed parameter space. Imposing the constraints of 8-TeV search data for the assumed mass, we find several benchmark points of (v ∆ , α) lying along a line passing through the origin to be of interest, where v ∆ denotes the triplet vacuum expectation value and α is the mixing angle between the heavy Higgs singlet and the 125-GeV Higgs boson.
Moreover, a definite mass hierarchy, m H 1 = 750 GeV > m H 3 > m H 5 , emerges among the exotic Higgs bosons in this region of parameter space. Such information enables us to make more definite predictions about how the exotic Higgs bosons decay.
We have worked out the possible ranges of production rates, total decay width and branching ratios of the H 0 1 boson for the benchmark points. In particular, we find that the maximum diphoton production through H 0 1 is O(1 − 100) ab, 1 to 3 orders of magnitude off the observed 750-GeV diphoton excess at LHC Run-II, except for the small v ∆ region. In such a region, however, we find that the H 1 H 5 H 5 coupling becomes so large that the quartic H 0 1 coupling does not grant good perturbation, not to mention the large uncertainties in the photon parton distribution function of the proton. Therefore, we conclude that the heavy Higgs singlet boson in the custodial Higgs triplet model cannot explain the observed diphoton excess at 750 GeV.
